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A solar ﬂare detector has been developed using the Global Positioning System (GPS) capabilities to monitor the ionospheric Total
Electron Content (TEC). It is based on obtaining the variation of the vertical TEC data with respect to the previous sidereal day and
then, on performing a second order time diﬀerence to obtain the information of the instantaneous TEC changes. The detector can be
applied looking for solar ﬂares backwards or in real time as well. To make a ﬁrst assessment of the solar ﬂare detector, several speciﬁc
days, when there is the certainty that a solar ﬂare had occurred, have been analyzed. The results, which are presented in this work, have
been obtained from the X17.2 ﬂare on 28th October, 2003, the X5.7 ﬂare on 14th July, 2000 and the X7.1 ﬂare on 20th January, 2005,
using the GPS data of the International GNSS Service (IGS) network with a sampling rate of 30 s. The results obtained are compatible
with the results presented previously by diﬀerent authors, and with the ﬂare records included in the Geostationary Operational Environ-
mental Satellite (GOES) database. In addition, several receivers, located in the southern hemisphere and far from the geomagnetic
equator, detect a lower overionization amplitude than other receivers with similar mean solar zenith angle. Moreover, minor
disturbances in the TEC enhancement can also be observable and studied.
 2006 COSPAR. Published by Elsevier Ltd. All rights reserved.
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Solar ﬂares are one of the most violent events that take
place on the Sun’s surface. They are generated near sun-
spots and are characterized by the emission of radiation
in all electromagnetic ranges and by the ejection of charged
particles. The radiation produced by a solar ﬂare is espe-
cially important in the ultraviolet and X-ray bands and
reaches the Earth in about 8 min. On the contrary, the
particles ejected (a mix of electrons, protons and heavy
nuclei) take 1 or 2 days to arrive, following the Interplan-
etary Magnetic Field (IMF) lines. Therefore, radiation
reaches the Earth before particles. Moreover, the high0273-1177/$30  2006 COSPAR. Published by Elsevier Ltd. All rights reserv
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dez-Pajares, J.M. Juan, J. Sanz).energy related to this radiation produces a sudden increase
of ionization in our atmosphere, and thus a sudden
increase of the Total Electron Content (Mendillo et al.,
1974). As the ionization is mainly produced in the
ionosphere, a way to detect solar ﬂares is by monitoring
the TEC of this part of the atmosphere.
There are several systems that detect solar ﬂares. Some
are direct systems, such as the meteorological satellite
GOES (Geostationary Operational Environmental Satel-
lite) that measures the X-rays coming from the Sun. Others
are indirect systems, such as the Global Positioning Sys-
tem, which is based on a satellite constellation of more than
24 dual frequency transmitters in L-band. This system
allows to analyze the ionospheric response to certain major
solar ﬂares with a high simultaneous temporal and spatial
resolution. In this context, the main goal of this work is
to illustrate how the GPS system can be used to monitored.
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can be done globally, automatically and for long periods of
time, and in an easy and eﬃcient way.2. Description of the technique
First of all, the dual frequency GPS data is processed in
order to obtain the carrier phase ionospheric combination
LI and the code ionospheric combination PI in which the
geometry, clocks and troposphere dependence have been
cancelled out (see Eq. (1), both in length units). These com-
binations provide the Total Electron Content (TEC), which
contains, in particular, the ionization enhancement expect-
ed during solar ﬂares (see, for instance, Herna´ndez-Pajares
et al., 2002). Indeed:
LI ¼STEC þ BI
P I ¼STEC þ DCB; ð1Þ
where STEC is the slant TEC (i.e., the TEC in the line of
sight of the GPS ray path), BI the phase ambiguity and
DCB the Delay Code Bias. In addition, it is important to
emphasize that the code is much noisier than the carrier
phase. Therefore, it is much more precise to work with LI
measurements, though the phase ambiguity has to be
solved.
Afterwards, the strategy used is the one proposed by
Herna´ndez-Pajares et al. (1997) which consists of temporal
diﬀerences between consecutive sidereal days, which can
provide the amplitude of the TEC variation. Indeed, as
the ionospheric ionization in normal conditions (i.e., with
low geomagnetic disturbances) varies slowly and is quite
similar from 1 day to another, periodic eﬀects such as the
ionospheric diurnal and seasonal variations are mostly can-
celled. On the contrary, sporadic unexpected eﬀects such as
the overionization related to a solar ﬂare remain. In this
way, the variations of the ionospheric combinations with
respect to the previous sidereal day, i.e., approximately
23 h 56 m before, have been calculated in this work and
they will be called dLI and dPI from now on. In addition,
the sidereal day variation of the slant TEC (called dSTEC)
can be obtained by rearranging Eq. (1) as follows:
dLI ¼dSTEC þ dBI
dP I ¼dSTEC þ dDCB; ð2Þ
where dDCB . 0 due to the high repeatabilities of the
instrumental delay code biases between consecutive days,
and specially at similar local times.
Then, the bias dBI can be estimated (from Eq. (2)) by
applying an alignment of dLI with dPI, by averaging its
diﬀerence within the same continuous combined carrier
phase arch (i.e., no cycle slips aﬀecting both carrier phases,
LI(t) and LI(t  86,160)), as written in Eq. (3). It must be
taken into account that this combined arch should have a
minimum number of samples to avoid an excessively
deviated average (for instance, 30 samples in this work).d^BI ¼ hdLI  dP Iicombined arch: ð3Þ
In order to cancel the dependence on the GPS ray inclina-
tion, the dSTEC values are transformed into the sidereal
day diﬀerence of vertical TEC (i.e., in the radial direction
regarding to the Earth geocenter) values (from now on
referred to as dV, where d stands for the sidereal day
diﬀerence). In this work, this is done using the mapping
function considering a thin single layer model of the iono-
sphere at a height of 450 km, but considering an elevation
mask of 30 to minimize mapping errors.
The following step is to apply a second order time diﬀer-
ence of dV between a pair of samples separated by a short
period of time (in our case, 360 s), which will be referred to
as d2dV. Therefore, the remaining low frequency TEC vari-
ations are detrended in a simple way and, consequently, the
information of the instantaneous changes contained in dV
is obtained (similarly as with the rate of TEC change or
rTEC in Liu et al. (2004)). For that purpose, the ﬁrst order
and second order time diﬀerence of dV (ddV and d2dV,
respectively) are computed as follows:
dV ðtÞ ¼ V ðtÞ  V ðt  86160Þ
ddV ðtÞ ¼ dV ðtÞ  dV ðt  360Þ ð4Þ
d2dV ðtÞ ¼ ddV ðtÞ  ddV ðt  360Þ;
where 86,160 is the approximate number of seconds of one
sidereal day.
Afterwards, an analysis of the d2dV amplitude values is
performed, searching for the typical overionization pattern
(in d2dV, an increase is followed by a symmetrical decrease,
as shown for instance in Fig. 1), in order to detect solar
ﬂares pointing to the Earth. Additionally, it is necessary
to discard similar patterns induced by other eﬀects such
as the Travelling Ionospheric Disturbances (TIDs) or the
Scintillations. Taking into account that the solar radiation
simultaneously aﬀects the whole sunlit area of the Earth
and that the other phenomena aﬀect only local regions,
the following conditions must be fulﬁlled to avoid false
detections:
(1) Signals of many satellites of one receiver must have a
simultaneous TEC increase and with similar ampli-
tudes (Signals of all satellites in view of a given
receiver above a certain elevation mask, 30 in our
case).
(2) Signals of many receivers in the sunlit region must
have this signiﬁcant TEC increase at almost the same
time but with a signiﬁcant change of amplitude (in
case the ﬂare is powerful enough, it should be for
all receivers).
If just one of those conditions is not fulﬁlled, it is consid-
ered that the overionization cannot be due to a solar ﬂare.
The results presented in this work have been obtained con-
sidering a minimum number of three satellites to fulﬁll the
ﬁrst condition and a minimum number of ﬁve receivers
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Fig. 1. dV and d2dV as function of time obtained from the GPS signals gathered by the receivers asc1 (upper left panel), bahr (upper right panel), cro1
(lower left panel) and kulu (lower right panel) during the ﬂare on 28th October, 2003, and considering a masking angle of 30. The longitude, latitude and
mean solar zenith angle of each station are indicated in the corresponding panel.
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conﬁrm ﬂare detection). In addition, it is important to
emphasize that the amplitude of the ﬂare signal changes
between diﬀerent satellites of one receiver due to the solar
zenith angle dependence of the overionization. Further-
more, this eﬀect is more signiﬁcant when comparing diﬀer-
ent receivers in diﬀerent geographical locations (see Fig. 3).
The method that has been employed to implement the
detector is ﬁrstly based on ﬁve diﬀerent states to monitor
the d2dV data. These states are: start, up, ﬁxedup, ﬁxed-
down and TEC enhancement. In normal conditions, i.e.,
with low geomagnetic disturbances, the state is the one
labelled as start. The detector gets the amplitude of d2dV
sample by sample and then three possibilities are distin-
guished: the amplitude is higher than a threshold of detec-
tion, it is lower than minus this threshold of detection or it
is in between. According to these possibilities and the last
state for the satellite in consideration, the decisions and
transitions between states are diﬀerent. In this way, when
an overionization pattern happens, the detector ﬁnds a
TEC increase greater than the threshold (state up), identi-
ﬁes the peak of the increase in d2dV (state ﬁxedup), ﬁnds a
symmetrical decrease (state down) and then identiﬁes the
lowest sample of the decrease (state ﬁxeddown). If this
order of state transitions is found in almost all GPS signalsin the sunlit region, satisfying the previously mentioned
conditions, we assume that a solar ﬂare has happened
and has been detected.
The detector can also be based on a more general crite-
ria. In this case, only the positive TEC increase is searched
in the d2dV data. The main interest of this consideration
will be shown in Section 3.
It is worth mentioning that the threshold of detectability
in d2dV has been ﬁxed in 0.2 TEC units or TECUs
(1 TECU is equivalent to 1016 el/m2) taking into account
two considerations. The ﬁrst one is that more ﬂares can
be detected if this threshold is low. The second one is that
fewer false detections can occur if this threshold is high.
Consequently, it has been necessary to establish a compro-
mise between both considerations.
3. Computations and results
The computations to detect and analyze solar ﬂares are
made under an standard PC running LINUX operating
system using the 30 s GPS data of at least 90 stations of
the International GNSS Service (IGS) network. These sta-
tions are selected regularly all over the world for every day
computed, considering that only one available station is
selected for each cell of 20 in longitude range and 15 in
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spheric response with a high spatial coverage whenever a
solar ﬂare pointing to the Earth happens.
To make a ﬁrst assessment of the solar ﬂare detector,
several speciﬁc days, when there is the certainty that a solar
ﬂare had occurred, have been analyzed. In particular, the
ones occurred on 28th October, 2003, on 14th July, 2000
and on 20th January, 2005.
First of all, the ﬂare occurring on 28th October, 2003
(also referred to as the Halloween storm) has been analyzed
in detail. It was a really powerful ﬂare (it is classiﬁed as
X17.2) that occurred at the center of the solar disc with
the peak of intensity at about 11 UT.
To detect this solar ﬂare, 95 available GPS permanent
receivers have been selected all over the world. After apply-
ing the technique developed in this work, the results show
that an overionization at 11 UT is detected on 33 receivers
on that day, with a peak of intensity in dV that reached
more than 15 TECUs near the maximum solar zenith
angle. As we will detail below, this is compatible with the
results presented previously by diﬀerent authors, and with
the ﬂare records included in the GOES database.
In Fig. 1, graphics of dV and d2dV in function of time
and with a masking angle of 30 are plotted for stations
asc1, cro1, kulu and bahr. The overionization is clearly seen
by all the satellites in sight of each of those stations. In
addition, it can be observed that the sudden increase is pro-
duced at almost the same time for the diﬀerent satellites of
each receiver (enhancements are overlapped in each panel),
and almost at the same time for the diﬀerent receivers as
well. Furthermore, it is also seen that the amplitude of both
dV and d2dV is not equal between diﬀerent receivers. In
other words, the ionospheric impulsive response to solar
ﬂares depends on the latitude and longitude of the-80
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Fig. 2. Distribution of the GPS reference stations that allow the detection of th
marks the Sun’s subsolar point and the two vertical lines roughly delimit theIonospheric Pierce Point (IPP). This eﬀect is mostly due
to the overionization dependence on the solar zenith angle
(i.e., the angle between the local zenith and the direction of
the Sun), as represented in Fig. 3. In this context, it can be
observed that while the solar zenith angle from the IPP
decreases, the dV increases. That was previously expected
because there is less ionization eﬃciency when the Sun is
near dawn or dusk.
Another important result is that the TEC increase is
detected in all the receivers located in the sunlit region.
This area has been roughly represented in Fig. 2 delimiting
dawn and dusk by two vertical lines. Additionally, two sta-
tions outside this region detect the ﬂare as well. The reason
is that the IPPs of several satellites in sight of those stations
are still irradiated by the Sun. In our case, as the height of
our model of ionosphere is 450 km, the ﬂare could have
been detected in stations on night side as far as 20 from
the solar terminator.
In Fig. 3, dV is represented in function of the solar
zenith angle. The results show that dV becomes higher than
15 TECUs near the maximum solar zenith angle and less
than 5 TECUs near horizon. It is also illustrated the low
overionization related to stations located outside the sunlit
area (see Fig. 2), i.e., with a solar zenith angle greater than
90.
One of the main points of interest is that the ionospheric
TEC response to GPS signals of receivers vesl (3W 72S),
syog (40E 69S), riog (68W 54S), kerg (70E 49S) and simo
(18E 34S) shows a lower level of TEC enhancement than
of other receivers with similar mean solar zenith angle. It
is important to emphasize that these stations are located
in the southern hemisphere and far from the geomagnetic
equator. This eﬀect might be related to a diﬀerent overion-
ization dynamic. 0  50  100  150
itude [°]
e Halloween storm at about 11 UT, on 28th October, 2003. The large cross-
sunlit area.
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Fig. 3. Dependence of dV on the solar zenith angle (from the Ionospheric Pierce Point) for the Halloween storm.
A. Garcı´a-Rigo et al. / Advances in Space Research 39 (2007) 889–895 893Finally, there are several external comparisons that have
been performed to guarantee that the detector works prop-
erly. According to GOES, this ﬂare started at 0951 UT and
had its peak of intensity at 1110 UT, which is compatible
with our results. Moreover, they are compatible as well
with the ones presented previously in diﬀerent articles, such
as the one presented by Krankowski et al. (2003) and
Zhang and Xiao (2005). From another point of view, the
Kp geomagnetic index around 28th October, 2003 (day of
year 301) is illustrated on Fig. 4. It can be seen clearly that
the geomagnetic activity was extremely high 2 days after
the radiation arrival. That was previously expected because 0
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Fig. 4. Variations of Kp index around 28th October, 2003 (day of yeait was the moment when the particles related to the Hallow-
een storm reached the Earth.
But there are other possible scenarios, such as the solar
ﬂare which occurred on 14th July, 2000. This ﬂare has been
classiﬁed as class X5.7 and is usually referred to as ‘‘La Bas-
tille’’ storm. It took place at the center of the solar disc and
the radiation reached the Earth at approximately 1003 UT.
In Fig. 5, a graph of dV and d2dV with respect to time is
plotted for station bahr. In this ﬁgure, it seems that the
radiation arrives in three diﬀerent bursts that are very close
to each other, i.e., the slope of the TEC enhancement has
minor disturbances contained in it. This implies that the 302  304  306
ear, 2003
r 301). The arrow marks the approximate time of the ﬂare event.
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Fig. 5. dV and d2dV as function of time obtained from the GPS signals gathered by receiver bahr during ‘‘La Bastille’’ storm and considering a masking
angle of 30.
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increase of TEC is not correct. In this context, similar con-
clusions to this ﬂare have been reached by the authors of
Zhang et al. (2002).
Consequently, the typical overionization pattern is not
found using the detector based on ﬁve states. However,
the detector based on a more general criteria, relying on
simultaneous observation of just the positive TEC increase
in the sunlit region, can detect this ﬂare in spite of the
minor TEC disturbances. Further studies can be done-4
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considering a masking angle of 30.to characterize the performance of this more general
detector.
It is worth mentioning that the diﬀerence of dV for one
of the satellites in Fig. 5 can be due to the higher electron
content gradients associated to the equatorial anomalies.
Finally, a diﬀerent case of solar ﬂare, of class X7.1 that
occurred on the 20th of January 2005, is also analyzed in
brief. It is important to emphasize that it was not generated
near the center of the solar disc (by GOES results, it was
located 14 North and 61West with respect to the center). 6.8  6.9  7  7.1  7.2
me [hours]
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V
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V
ered by receiver alic showing the solar storm on 20th January, 2005, and
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and had its peak of intensity at 0701 UT. That is compat-
ible with the results obtained in this work (as can be appre-
ciated in Fig. 6).
4. Conclusions
The ﬁrst results of a new solar ﬂare detector, based on the
GPS system, have been presented. This detector can auto-
matically identify sudden changes of the ionospheric ioniza-
tion. Also, it can be applied in real time as well. The detector
has been validated with external data such as the X-rays
GOES database. In addition, the results have also been
compared with the ones presented in recent papers where
certain solar storms have been studied using the GPS as well
in a more local context, and they are compatible too.
Future work can be focused on: looking for solar ﬂares
on large periods of time; statistical measurements between
diﬀerent solar ﬂare ionospheric responses; the improvement
of the technique to detect solar ﬂare events and the recom-
bination process after the overionization, among others.References
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